Abstract-Design and characterization of a multilayered compact implantable broadband antenna for wireless biotelemetry applications is presented in this paper. The main features of this novel design are miniaturized size, structure that allows integration of electronic circuits of the implantable medical device inside the antenna, and enhanced bandwidth that mitigates possible frequency detuning caused by heterogeneity of biological tissues. Using electromagnetic simulations based on the finite-difference timedomain method, the antenna geometry was optimized to operate in the 401-406 MHz Medical Device Radio communications service band. The proposed design was simulated implanted in a muscle tissue cuboid phantom and implanted in the arm, head, and chest of a high-resolution whole-body anatomical numerical model of an adult human male. The antenna was fabricated using low-temperature co-fired ceramic technology. Measurements validated simulation results for the antenna implanted in muscle tissue cuboid phantom. The proposed compact antenna, with dimensions of 14 mm × 16 mm × 2 mm, presented a −10 dB bandwidth of 103 MHz and 92 MHz for simulations and measurements, respectively. The proposed antenna allows integration of electronic circuit up to 10 mm × 10 mm × 0.5 mm. Specific absorption rate distributions, antenna input power, radiation pattern and the transmission channel between the proposed antenna and a half-wavelength dipole were evaluated.
band approved by the Federal Communications Commission (FCC) [10] [11] [12] [13] [14] [15] [16] . However, other designs in the Industrial Scientific and Medical (ISM) bands have also been reported [17] [18] [19] .
In order to achieve miniaturized implantable prototypes, various antenna structures have been investigated, including one-layer planar inverted-F antennas (PIFA) [11] [12] [13] 20] , multilayer PIFA [14, 21] , microstrip patch [10, 12] , dipole [16] , loop antenna [22] , and 3D-structures [15, 23] . Although some of these designs present antenna prototypes of compact volume, they do not consider the impact of integrating electronics necessary for signal conditioning of sensor data (such as amplifiers, digital converters and transceivers), for power management circuitry and for the sensor itself [2] . Consequently, the final volume of the complete implantable medical device (IMD) with the antenna and necessary electronics will be increased, as in the work presented in [6] . A recent study of energy harvesting applications investigated an IMD with on-board integration of the antenna and signal conditioning electronics [23] .
Another challenge when designing implantable antennas is the observed detuning when the device is implanted at various body locations. This work builds upon our previous studies [24, 25] , where we evaluated frequency shifts caused by dispersive heterogeneity of electrical properties of tissue and distinct anatomical geometries. Results showed that a bandwidth of at least 70 MHz is required for implantable antennas based on a PIFA structure operating at the MedRadio 401-406 MHz frequency band. This value was derived from analysis of detuning and impedance mismatching of antennas implanted at various locations and depths inside the human body. Moreover, anatomical variations between individuals may also result in detuning of antenna response [24, 26] . Published research focused on PIFA bandwidth increment, such as multiband structures [13, 21, 27, 28] , parasitic elements [29] , additional slots on the ground plane [30] or the radiator patch [14] , modification of the ground plane structure [31] , and geometric variations of the feed plate silhouette [32] . However, only antennas reported in [13, 14, 21, 27] were designed to be implanted into a human body. In order to ensure biocompatibility of the IMD and to reduce induced currents and power absorbed by the human body, systems were embedded inside dielectric substrates [12] .
Given the previous implantable antenna design considerations, a broadband PIFA for wireless biotelemetry applications is presented in this paper. This work attempted to achieve the following: (1) a suitably miniaturized design to improve versatility and applicability of the antenna, (2) a structure capable of integrating an IMD into the internal cavity of the antenna, and (3) an operating bandwidth of at least 70 MHz to offset detuning effects caused by heterogeneity of tissues at various locations within the human body. The proposed device, which operates in the MedRadio 401-406 MHz frequency band [33] , was based on multilayer low-temperature co-fired ceramic (LTCC) technology, thereby guaranteeing a biocompatible substrate for the device [34] . LTCC technology offers the integration of internal vias and cavities that allow integrated microstructures to be embedded into the antenna [35, 36] , increasing viability for designing the internal circuitry. This paper is organized as follows. Section 2 presents the proposed antenna design and methodology. Simulated and measured results are described in Section 3, including reflection coefficient (S 11 ), specific absorption rate (SAR), transmission channel and radiation patterns. Discussion of the results and conclusion are presented in Section 4 and Section 5, respectively.
MATERIALS AND METHODS

Antenna Design
The proposed antenna geometry ( Fig. 1(a) ) comprises four stacked layers of LTCC dielectric substrate with ε r = 6.7 and σ = 0.0026 S/m and two embedded radiators. The main radiator, which is a folded square inverted-F structure that followed the perimeter of the antenna module ( Fig. 1(b) ), is located between the first and second layer and between the second and third layer of the LTCC substrate. The secondary radiator consisted of a meander inverted-F structure; this radiator was located between the third and fourth layer. The two radiators shared a common ground plane, but only the main radiator was fed the incoming signal at the feed point identified in Fig. 1(b) and Fig. 1(c) and generated the first resonance peak. Due to electromagnetic coupling, part of the energy was transferred to the secondary radiator, and it created a second radiation peak. The combination of the two resonance peaks resulted in bandwidth broadening. The antenna design was optimized to operate at 403 MHz when being implanted inside muscle tissue (ε r = 57.1 and σ = 0.797 S/m) [37] . The antenna has a volume of 448 mm 3 , with a width of 14 mm, length of 16 mm, and thickness of 2 mm.
LTCC technology has been used for almost 20 years to produce a multilayer substrate for packing integrated circuits [35] . The fabrication method is based on processing each layer independently and then stacking and packaging them by a lamination and a firing process. This technology has shown appropriate electrical and mechanical properties and high reliability and stability, as well as allowing production of 3D-integrated microstructures [36] . LTCC technology has proven versatile for building complex multilevel channel structures, including large-volume cavities suitable for biological applications [38] . LTCC has been tested for biocompatibility and has been used in various biological applications, such as evaluation of human umbilical vein endothelial cells [33] , and multi-sensor monitoring [37] .
Methodology
Simulation results obtained in this study were based on electromagnetic modeling using the finitedifference time-domain (FDTD) method [39] . The commercially available electromagnetic simulator SEMCAD (Schmid & Partner Engineering AG) was used.
The muscle tissue cuboid phantom was modeled as a cube of 150 mm × 80 mm rectangular section and 110 mm deep. The antenna was centered with the rectangular section and implanted within the phantom at a depth of 15 mm from the edge as shown in Fig. 2(a) . The antenna geometry, with the main radiator placed at the periphery, provided a wide internal space for future embedding of electronic circuits (light yellow area in Fig. 1(a), (b) [bottom], and (c)). Such electronic elements could lead to unexpected detuning due to electromagnetic coupling interaction. The electronic elements were approximated as a metallic box embedded in the prototype as a first approach to quantify their influence on the antenna performance. Metallic box volumes ranging from 0.5×0.5×0.5 mm 3 to 10×10×0.8 mm 3 and located at different positions were evaluated. In order to validate the design, the antenna was manufactured and measured when being implanted within a phantom at a depth of 15 mm from the edge. The phantom contained de-ionized water, salt, sugar, and hydroxyethyl cellulose as indicated in FCC guidelines for human exposure to radiofrequency electromagnetic fields [41] . Dielectric properties measurements (ε r = 57.2, σ = 0.8 S/m) were performed with the Agilent 85070E open-ended coaxial dielectric probe kit and the HP8720C network analyzer. In order to avoid external interferences and multipath reflections, the experimental setup was placed inside an anechoic chamber. The antenna was fed by a standard SMA connector through a coplanar wave guide launcher, as illustrated in Fig. 2(b) . Experimental measurements of the reflection coefficient were also carried out with the setup shown in Fig. 2 
(c).
Electromagnetic simulations were employed to evaluate the proposed antenna design when being implanted at a depth of 15 mm in the arm, chest, and head of a whole-body male anatomical model to assess the detuning of antenna response caused by different body locations [24] at the same depth. The model was extracted from the Virtual Family dataset [40] , which is based on high-resolution magnetic resonance images of healthy male volunteers. All tissues and organs were reconstructed as unstructured 3D-triangulated surface objects, thereby yielding high-precision images of individual body features. Antenna reflection coefficient, SAR distribution, radiation pattern and the transmission channel between the implanted antenna and an external dipole were evaluated. The quality of the transmission channel was assessed by the power received by the external dipole when being positioned at varying distances from the implanted antenna. An isotropic antenna was used to measure the received power. The effective area of the dipole was used to compare the measured electric field with the simulated received power. The far-field radiation pattern and peak gain were computed using simulations with the antenna implanted inside the homogeneous phantom block surrounded by free-space. Measurements of the radiation pattern were also carried out using the received power of the isotropic antenna in steps of 15 degrees. Normalization of both simulated and measured radiation patterns were performed for comparison purposes. Figure 3 shows the simulated and measured reflection coefficients of the antenna implanted on muscle tissue cuboid phantom at 15 mm from the edge, as shown in Fig. 2(a) and Fig. 2(c) . Two resonance peaks were combined, generating a −10 dB bandwidth of 103 MHz (358-461 MHz) for the simulation and 92 MHz (352-444 MHz) for the measurement. S 11 at 403 MHz was −11.5 dB and −16 dB for simulation and measurement, respectively. Minor detuning to lower frequencies and bandwidth narrowing were observed in experimental results. Simulated reflection coefficients of the antenna, without embedded metallic boxes, when being implanted in the muscle tissue cuboid phantom and in the arm, chest, and head of the whole-body model are shown in Fig. 5 . A shift of the resonance peak at 370 MHz of the antenna implanted into the muscle tissue cuboid phantom towards higher frequencies was observed for the antenna implanted into 
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The 3D near-field distributions were calculated, and numerical analysis of the SAR was performed at 403 MHz. The antenna, which was numerically analyzed without an embedded metallic box, was tested in a muscle tissue cuboid phantom and in the head, chest and arm of the male anatomical model as shown in Fig. 5 . For comparison with previous studies, antenna input power was set to 1 W. The 1-g and 10-g averaged peak SAR results are shown in Table 1 .
In order to meet basic SAR restrictions for general public exposure (i.e., IEEE C95. (Table 1 , in the arm) was considered, the delivered power had to decrease to 3.7 mW in order to satisfy the most restrictive SAR regulation (i.e., SAR < 1.6 W/kg). Maximum power calculations based on SAR basic restrictions for general public exposure: IEEE C95.1-1999 (1-g averaged SAR < 1.6 W/kg) and IEEE C95.1-2005 (10-g averaged SAR < 2 W/kg). The setup and locations are presented in Section 4 (Fig. 5). 
Transmission Channel
The transmission channel between the proposed antenna and a half-wavelength dipole was evaluated in terms of received power. The proposed antenna was located at 15 mm from the edge of the muscle tissue cuboid phantom and into various locations within the anatomical model. The same study cases as in Fig. 5 were considered. The simulated half-wavelength dipole antenna was positioned at distances ranging from 1 cm to 100 cm from the phantom-air and skin-air interfaces. In the experimental measurements, the isotropic antenna was positioned at distances ranging from 10 cm to 100 cm from the phantom-air interface as shown in Fig. 6 . On the basis of SAR results and limitations (Table 1) , the transmitting antenna was assumed to have an input power of 3.7 mW (i.e., the most restrictive case). Power received at the external half-wavelength dipole was obtained by the transmission coefficient, determined by the relation between available power at the transmitter implanted antenna and received power at the 50 Ω load that terminated the receiver antenna [42] . Results from the muscle tissue cuboid phantom and the anatomical model are illustrated in Fig. 7 . Received power showed a variability of ±4 dB when the half-wavelength dipole antenna was at 20 cm from phantom-air and skin-air interfaces for the various implanted antenna locations. Maximum deviations up to ±5 dB were observed when the half-wavelength dipole antenna was at 100 cm from phantom-air and skin-air interfaces. The largest received power was observed when the antenna was implanted into the arm; the lowest received power was found when the antenna was located in the chest. Figure 8 shows the simulated and measured normalized antenna radiation patterns when being implanted in the muscle tissue cuboid phantom at 15 mm from the phantom edge for the xz-plane. The normalized received power of the isotropic external antenna in steps of 15 degrees along the xzplane was used to perform the measured radiation pattern. The axes are detailed in Fig. 1 . Table 2 shows the main parameters for the simulated and measured radiation patterns. 
Radiation Pattern
DISCUSSION
This study was initiated to design and evaluate the feasibility of a miniaturized antenna for an IMD. The proposed design employed LTCC technology with four stacked layers and two embedded radiators. Only the main radiators were fed the incoming power signal, and energy was coupled to the second radiator. Each independent radiator generated a resonance peak. Coupling between the two radiators produced a combination of the two resonances and subsequent bandwidth enlargement. Simulated and measured models achieved a bandwidth of 103 MHz and 93 MHz, respectively. A bandwidth greater than 70 MHz was achieved in both cases, fulfilling requirements considered in previous studies [24] . The main radiator of the proposed antenna was specifically placed at the periphery of the device to allow integration of IMD electronic circuits inside the core of the antenna. The main influence of the embedded box on the antenna return loss was a slight frequency shift to lower frequencies and bandwidth narrowing. Embedded box sizes up to 10 × 10 × 0.5 mm rendered a suitable performance at the MedRadio band, with a −10 dB bandwidth reduction of 15% respect the design without the box. Increasing box height to 0.8 mm produced a reduction on antenna bandwidth of 34.9%. When the box was located at a distance of 1 mm or less from the antenna feed point, unacceptable antenna mismatching was generated in the frequency of interest.
When the antenna was implanted into various locations on the human body, a shift to higher frequencies was observed for the first resonance peak. When the antenna was implanted into the arm and chest, the second resonance peak shifted to higher frequencies and the combination of the two resonances peaks was compromised. When the antenna was implanted into the head, the second resonance peak did not shift to higher frequencies and combined with the first resonance peak generating an improved matching at the frequency of interest.
SAR analysis was performed at 403 MHz for the muscle tissue cuboid phantom and implanted in the arm, in the head and in the chest of the male anatomical model. The antenna implanted in the arm generated the highest SAR for the cases of 1-g averaged SAR and 10-g averaged SAR. Based on SAR basic restrictions for general public exposure, maximum delivered power of the antenna was found to be 3.7 mW.
A half-wavelength dipole antenna was placed at various distances from the antenna implanted into the muscle tissue cuboid phantom and at various locations within the anatomical model. When the halfwavelength dipole was located at 1 cm from the phantom-air or skin-air interface, the power received at the dipole was similar for all antenna locations. For dipole to phantom-air or skin-air interface distances between 10 cm and 30 cm, the antennas implanted into the head and arm generated similar power, and the values were around 4 dB more than the antenna implanted in the tissue phantom and around 10 dB than the antenna implanted in the chest. For distances greater than 40 cm, the antenna implanted into the arm generated the highest power in the receiver half-wavelength antenna. The antenna implanted into the chest generated the lowest power in the receiver dipole for all evaluated distances. Depending on the antenna location, the surrounding tissues differed, with distinct dielectric properties and geometries, leading to unique radiation patterns for each location. The amount of lossy media surrounding the antenna and the reflections caused by tissue interfaces directly impacted the transmission channel quality. The measured results for the antenna implanted in the muscle tissue cuboid phantom show a reduction of the simulated received power around 8 dB and 1 dB at distances of 10 cm and 100 cm from the source, respectively. The conversion from an isotropic antenna to a halfwavelength dipole through the effective area is not totally accurate for regions close to the near-field, while for larger distances results converge. Another issue related to the measurements is the influence of the coaxial cable of the measurement setup in electrically small and implantable antennas, as reported in [44, 45] .
A simulated peak gain of −32 dB was achieved when the antenna was implanted into the muscle tissue cuboid phantom surrounded by the free-space. The radiation pattern for both simulation and measurements (Fig. 8) shows a directional performance in the positive z-axis, where the amount of lossy tissue for the microwaves to cross is lower and, therefore, the attenuation is also reduced. The measured maximum level of the normalized radiation pattern shifts 40 • from the simulated results. A 27 • reduction in the 3 dB beamwidth and a 2.3 dB drop in the front-to-back ratio are also observed in the measurements. Table 3 . It can be assessed that the antenna presented in this paper achieved the required performance in terms of bandwidth, miniaturization, and gain. Results of received power in this study were in agreement with simulated communication links reported in previous designs of compact implantable antennas. Received power of the antenna presented by Kiourti et al. [20] was −56.2 dBm at a distance of 20 cm from the head, while the antenna presented in this study achieved −45.7 dBm. In addition, obtained received power showed the influence of miniaturization on the transmission channel. Kim et al. [12] evaluated the communication link between a considerably large antenna (40 mm × 32 mm × 8 mm) implanted into the human chest and an external half-wavelength dipole. When the half-wavelength dipole was located at 30 cm from the phantom-air or skin-air interface, maximum available power was −30 dBm. In the design proposed in our work (16 × 14 × 2 mm), available powers ranged from −50 dBm to −56 dBm for the same phantom-air or skin-air to half-wavelength dipole distance. This variation between prototypes was primarily due to the drastic decrease (95.6%) of antenna size.
Computational and experimental approaches were employed in the design and characterization of the miniaturized antenna for an IMD. Strengths of the proposed design to resolve shortcomings of current state-of-the-art in implantable antennas include a balanced performance between a miniaturized design with general volume of 14 × 16 × 2 mm 3 , integration of electronic circuits of the IMD with volume up to 10 × 10 × 0.5 mm 3 , and an enlarged bandwidth up to 103 MHz in order to consider dielectric properties and geometry disparity of the antenna implanted within various body locations. Satisfactory agreement was found between simulations and measurements of the fabricated antenna implanted into a liquid with dielectric properties of muscle tissue cuboid phantom. Maximum antenna input power was evaluated considering SAR restrictions for 1-g averaged SAR and 10-g averaged SAR for the three body antenna locations. The transmission channel between the proposed antenna and a half-wavelength dipole showed applicability of the antenna up to distances of 1 m while the receptor was capable of operating with a power of −60 to −70 dBm depending on where the antenna was implanted.
This study focused on the simulated performance of the proposed antenna at three body locations and in a muscle tissue cuboid phantom at depths of 15 mm from the phantom-air and skin-air interfaces. Reflection coefficient, transmission channel and radiation pattern were measured for validation purposes in the muscle tissue cuboid phantom. Further evaluation of the antenna implanted at different body locations and variable depths, and acquisition of communication link measurements at other distances are warranted. In this study, the impact of adjacent electronic circuitry on antenna performance was evaluated considering a metallic box as a first approach. Future studies for specific applications should investigate the impact of specific electronic components on the antenna performance. This study considered the antenna implanted in the adult male, further studies will evaluate the implementation of the antenna in an adult female.
CONCLUSIONS
Design of a compact implantable broadband PIFA for wireless biotelemetry applications is presented in this paper. The antenna was designed to operate in the MedRadio 401-406 MHz frequency band. Modeling analysis was based on electromagnetic calculations using the FDTD method; LTCC multilayer technology was utilized. The proposed antenna, modeled inside fluid that mimics muscle tissue, was simulated when being implanted into the arm, head, and chest of a high-resolution whole-body anatomical model of an adult human male. SAR analysis and impedance mismatch of the antenna inside the human body was considered, and desirable bandwidth enhancement and initial tuning were taken into account. Possible detuning due to the influence of an embedded electronic circuit in the prototype was also assessed. The antenna was manufactured and measurements of the reflection coefficient, transmission level and radiation pattern were made. Simulated and measured results showed satisfactory agreement.
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